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Laboratory for Bioenergetics and Hypoxia, Institute of General Pathology and Pathophysiology, Moscow, Russia
The article is focused on the role of the cell bioenergetic apparatus, mitochondria,
involved in development of immediate and delayedmolecular mechanisms for adaptation
to hypoxic stress in brain cortex. Hypoxia induces reprogramming of respiratory chain
function and switching from oxidation of NAD-related substrates (complex I) to succinate
oxidation (complex II). Transient, reversible, compensatory activation of respiratory chain
complex II is a major mechanism of immediate adaptation to hypoxia necessary for (1)
succinate-related energy synthesis in the conditions of oxygen deficiency and formation
of urgent resistance in the body; (2) succinate-related stabilization of HIF-1α and
initiation of its transcriptional activity related with formation of long-term adaptation; (3)
succinate-related activation of the succinate-specific receptor, GPR91.This mechanism
participates in at least four critical regulatory functions: (1) sensor function related with
changes in kinetic properties of complex I and complex II in response to a gradual
decrease in ambient oxygen concentration; this function is designed for selection of
the most efficient pathway for energy substrate oxidation in hypoxia; (2) compensatory
function focused on formation of immediate adaptive responses to hypoxia and hypoxic
resistance of the body; (3) transcriptional function focused on activated synthesis of
HIF-1 and the genes providing long-term adaptation to low pO2; (4) receptor function,
which reflects participation of mitochondria in the intercellular signaling system via the
succinate-dependent receptor, GPR91. In all cases, the desired result is achieved by
activation of the succinate-dependent oxidation pathway, which allows considering
succinate as a signaling molecule. Patterns of mitochondria-controlled activation of
GPR-91- and HIF-1-dependent reaction were considered, and a possibility of their
participation in cellular-intercellular-systemic interactions in hypoxia and adaptation was
proved.
Keywords: hypoxia, reprogramming of respiratory chain function, HIF-1a, GPR91, complexes I and II
Mitochondrial Signaling Function and the Body Vital Activity
Oxygen dependence and capability for maintaining the oxygen homeostasis are the
properties of all higher organisms whose vital activity is related with aerobic energy
production due to functioning of the respiratory chain in the inner mitochondrial
membrane. Inhaled air reflects the state and oxygen demand of mitochondria (Balaban,
1977; Chandel and Schumacker, 2000; Duchen et al., 2003; Duchen, 2004; Gnaiger, 2005;
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Das, 2006; Devin and Rigoulet, 2007; Kann and Kovacs, 2007;
Wheaton and Chandel, 2011).
In mammals, up to 98% of body consumed oxygen is related
with oxidative phosphorylation, a process occurring in the
respiratory chain, where O2 is the final acceptor of electrons
delivered by NADH and flavoproteins (Silver and Erecinska,
1998).The electromotive force generated in this process is used
for formation of membrane potential and ATP synthesis, which
are required for various energy-dependent reactions responsible
for maintaining the cell vitality.
Mitochondria, being oxygen-dependent, are a target for
hypoxia/ischemia. Shortage of cell environmental oxygen
decreases aerobic synthesis and content of high-energy
compounds (ATP, CP) and reduces the membrane potential
required for maintaining energy demands and the osmotic
balance. These factors, in turn, lead to depression of multiple
energy-dependent reactions involved in ion transport,
electrogenic and receptor cell function, muscle contractions,
respiration, etc. The most typical disorders are membrane
depolarization, uncontrolled Ca2+ entry through voltage-
dependent Ca2+ channels, activation of Ca2+ -dependent
phospholipases and proteases, uncontrolled swelling of cells,
hydrolysis of most cell components, and, finally, necrosis.
Thereby, mitochondrial dysfunction induced by hypoxia may
initiate development of various abnormalities and even cause
fatality (Acker, 1994; Lukyanova, 1997, 2014; Rumsey et al.,
1999; Wenger, 2000; Peers and Kemp, 2001; Lutz and Prentis,
2002; Michiels, 2004; Gnaiger, 2005; Heerlein et al., 2005; Larsen
et al., 2006; Seppet et al., 2009; Wheaton and Chandel, 2011;
Lukyanova et al., 2013).
Brain is one of the most oxygen-dependent organs (Siesjo,
1978; Nicholls and Budd, 2000; Bickler and Donohoe, 2002;
Neubauer and Sunderram, 2004; Kann and Kovacs, 2007). Brain
uses up to 20% of consumed oxygen, although the brain weight
constitutes only 2% of body weight (Siesjo, 1978; Silver and
Erecinska, 1998). Brain is characterized by high expenditure
of energy and low energy reserve. Furthermore, maintenance
of energy-dependent process takes 80% of ATP produced in
neuronal mitochondria. For this reason, the brain is extremely
sensitive to hypoxia, particularly specific brain regions, such as
the cortex and hippocampus. All this makes essential the insight
into functioning of the brain mitochondrial apparatus in the
conditions of insufficient oxygen supply.
According to current concepts, mitochondria are an
evolutionary product of endosymbiosis, a process that has
occurred 2–4 billion years ago. This process involved fusion
of two akaryocytes, an anaerobic bacterial cell, the “host,” and
a proteobacterium symbiont, which possessed a respiratory
apparatus including elements of the tricarbonic acid cycle
Abbreviations: ATP, adenosine triphosphate; ADP, adenosine diphosphate; BC,
brain cortex; C-I, II, III, IV, mitochondrial complexes I, II, III, IV; GABA,
gamma-aminobutyric acid; GPR91, succinate-related guanine nucleotide - binding
protein-coupled receptor; HBH, hypobaric hypoxia; HIF, hypoxia-inducible factor;
HRE, hypoxia response element; HR, high-resistance rats; LR, low-resistance
rats; NAD, NADH, nicotine adenine nucleotides; PC, phosphocreatine; PDH –
HIF prolyl-hydroxylase; PDK, pyruvate dehydrogenase kinase; SDH, succinate
dehydrogenase.
(TAC), a respiratory chain, and oxidative phosphorylation
(Margulis, 1981; Alberts et al., 1989; Gray et al., 1999, 2001;
Martin et al., 2001; Henze andMartin, 2003; Duchen, 2004; Gray,
2012). In this symbiosis, the future symbiont mitochondrion
(promitochondrion) provided the host cell with energy, which
was produced by a very economical, aerobic way, while the
host cell, in turn, synthesized metabolites necessary for the
mitochondrion. During the development of endosymbiotic
interrelations, proteobacteria transferred many genes to the
host cell nucleus, which had formed due to the increased
energy efficiency. This process resulted in simplification of
the promitochondrion endosymbiont, which evolved from an
independent microorganism into a cell organelle. In this way,
the symbiont cells turned into mitochondria whereas host cells
turned into eukaryocytes. Due to the endosymbiotic relations,
the pro-eukaryocyte has received not only energetic advantages
but also a chance for survival in the conditions of gradual oxygen
accumulation in the atmosphere, which had initially contained
very little oxygen, less than 0.1%. Before oxygen enrichment of
the atmosphere, all forms of life that existed in the biosphere of
that time, were anaerobic (Margulis, 1981; Alberts et al., 1989;
Gray et al., 1999, 2001; Martin et al., 2001; Henze and Martin,
2003; Duchen, 2004; Gray, 2012).
Current mitochondria are unique cytoplasmic organelles
characteristic of eukaryotes, i.e., the organisms with cells
containing formed, membrane-confined nuclei. Due to their
origin, mitochondria possess three distinctive features of
structural organization, which differ it from all other intracellular
organelles: (1) presence of respiratory chain enzymes designed
for aerobic energy production and arranged into four complexes.
These complexes are capable for uniting into supercomplexes
(respirasomes), which stabilizes the electron transport chain
performance, increases the electron transport velocity, may
involve substrate channeling, and restricts generation of reactive
oxygen species as a by-product (Acín-Pérez et al., 2004;
Schagger et al., 2004; McKenzie et al., 2006; Schäfer et al.,
2006; Starkov, 2008); (2) presence of its own genome, which
allows renewing components of respiratory chain complexes,
the most functionally important proteins, independently on
the nucleus genome in the conditions of intensive functional
loads; and (3) capability for motion, including division, fusion,
and intracellular traveling (Kuznetsov et al., 1994, 2004; Gray
et al., 1999, 2001; Kaasik et al., 2001; Martin et al., 2001;
Henze and Martin, 2003; Chen and Chan, 2005; Kuznetsov
and Margreiter, 2009; Gray, 2012; Van der Bliek et al., 2013).
Due to the latter property known in scientific literature as
“mitochondrial dynamics,” mitochondria can form functional
complexes with the endoplasmic reticulum and cytoskeletal
structures (intracellular functional energetic units, mitochondrial
reticulum). These complexes provide energy metabolism in
local energy-transportation networks. In these complexes,
ADP diffusion is facilitated, and a system of channels for
metabolite exchange is available. The capability of mitochondria
for structural remodeling and metabolic reprogramming is a
basis mechanism inseparably linked with mitochondrial energy
production, which provides interaction of mitochondria with
each other and with other cell structures and systems. Therefore,
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in the process of evolution, the mitochondrial major function
of aerobic energy production has allowed mitochondria to
become involved in regulation of various physiological functions
by providing energy to most of intracellular processes necessary
for the body vital activity (Kaasik et al., 2001; Appaix et al., 2003;
Chen and Chan, 2005, 2009; Schäfer et al., 2006; Kuznetsov and
Margreiter, 2009; Van der Bliek et al., 2013).
Mitochondria actively participate in cell metabolism. They
contain many key, limiting enzymes for fatty acid oxidation,
steroid biosynthesis, heme synthesis, insulin secretion in β-cells
(MacDonald et al., 2005) and gastric juice secretion (Kennedy
and Lehninger, 1949; Gnaiger et al., 2000; Duchen et al., 2003;
Duchen, 2004; Gnaiger, 2005). Mitochondria participate in
regulation of cell redox potential (Meister, 1995) and protein
import (Wiedemann et al., 2004). In addition, mitochondria
contribute to intracellular signaling and regulation with a
central role in keeping homeostatic cell ionic composition
(Chandel, 1990; Chandel and Schumacker, 2000; Butow and
Avadhani, 2004; Darley-Usmar, 2004). A system of regulatory
interaction related with Ca2+ and K+- metabolism exists between
mitochondria and the endoplasmic reticulum (Gunter and
Gunter, 1994; Hansford and Zorov, 1998; Liu et al., 1998; Rizzuto
et al., 1998; Fiermonte, 1999; Da Silva et al., 2003).
A system exists that is connected to Ca2+ metabolism and
involves regulatory interactions between mitochondria and the
endoplasmic reticulum as well as between activation of G-
coupled surface receptors, the phosphatidyl-inositol-3-kinase
(PI3K) cascade, eNOS, guanylyl cyclase, and protein kinase G
(PKG), and performance of the mitochondrial ATP-sensitive
potassium (mitoKATP) channel (Wang and Semenza, 1993; Pek
and Lutz, 1998; Bernaudin et al., 2004; He et al., 2004; Murphy,
2004; Fan et al., 2010). Activated PKG opens the mitoKATP
channel, which results in increased ROS production followed
by activation of other kinases. In this system, PKG is the
terminal cytosolic component of the terminal signaling pathway
transmitting the cardioprotective signal from the cytosol to
the inner mitochondrial membrane through the protein kinase
C (PKC)-dependent pathway (Wang and Semenza, 1993; Zhu
and Bunn, 1999; Stroka et al., 2001; Semenza, 2002; Bruick,
2003; Butow and Avadhani, 2004; Murphy, 2004). In addition,
mitochondria participate in cell-to-cell interactions and systemic
regulation (Zhu and Bunn, 1999; Chandel and Schumacker, 2000;
Nicholls and Budd, 2000; Nishimura et al., 2001; Brunk and
Terman, 2002; Butow and Avadhani, 2004; Kuznetsov et al.,
2004; Michiels, 2004; Felty and Roy, 2005; MacDonald et al.,
2005; Lukyanova et al., 2008a, 2011). Mitochondria are the
major regulators of the oxygen homeostasis in the body. At
the systemic level, mitochondria determine the concentration
gradient for oxygen delivered from the environment to the
cell and represent the final step of interaction with molecular
oxygen (Brunk and Terman, 2002; Lukyanova et al., 2008a,
2011). Due to this function, which determines both viability
and vital activity of aerobic organisms, evolution has created
very sophisticated physiological systems for oxygen delivery to
mitochondria and maintenance of optimum oxygenation in cells
(act of breathing; pulmonary system of oxygen transportation;
cardiovascular circulatory system; blood mass-transfer system;
red cells; and hemoglobin) (Zhu and Bunn, 1999; Nicholls and
Budd, 2000; Prabhakar and Overholt, 2000; Di Lisa and Ziegler,
2001; Peers and Kemp, 2001; Brunk and Terman, 2002; Voos
and Rotgers, 2002; Da Silva et al., 2003; Duchen, 2004; Kuznetsov
et al., 2004; Michiels, 2004; Devin and Rigoulet, 2007).
Organization of the digestion system, including consumption
and subsequent stepwise enzymic processing of the food, is also
dictated primarily by the need for substrate supply to reactions
of mitochondrial oxidation and oxidative phosphorylation
(Michiels, 2004). The signaling function of mitochondria is
related with such processes as growth (Felty and Roy, 2005),
aging (McCarter, 1995; Brunk and Terman, 2002), response to
temperature (thermogenesis), apoptosis (Kroemer et al., 1998;
Nishimura et al., 2001), insulin secretion in β-cells (MacDonald
et al., 2005), and formation of adaptive responses (Bruick, 2003).
Mitochondria provide energy for physiological functions
involved in the body vital activity. These functions include,
first of all, maintenance of ion gradients in excitable tissues;
accumulation of vesicular secret; maintenance of hormonal
and neurotransmitter functions; contractility of the heart
and vascular, pulmonary and gastrointestinal smooth muscles;
fertilization and embryogenesis; and adaptation to stresses (Zhu
and Bunn, 1999; Nicholls and Budd, 2000; Di Lisa and Ziegler,
2001; Peers and Kemp, 2001; Voos and Rotgers, 2002; Da Silva
et al., 2003; Duchen, 2004; Kuznetsov et al., 2004; Devin and
Rigoulet, 2007; Seppet et al., 2009).
Therefore, the mitochondrial respiratory chain in involved
not only in the intracellular signaling, but also transmembrane
and intercellular signaling. Mitochondria themselves function
as active signaling organelles, which contribute to information
transmission in various intracellular signaling pathways, and play
a key role in most important regulatory physiological processes.
Regulatory Role of Mitochondria in
Hypoxia
The body response to hypoxia includes various adaptive
reactions, which facilitate elimination of functional and
metabolic disorders typical for hypoxia and focus primarily
on preservation of the mitochondrial function. In this process,
two types of mechanisms are used: (a) an urgent compensatory
mechanism designed for mobilization of immediate responses
to prevent or eliminate the disorders induced by acute hypoxia;
these responses provide fast recovery of the body in the
posthypoxic period; and (b) delayed mechanisms of adaptation
to hypoxia, which develop within a longer period and enhance
non-specific resistance to oxygen shortage. These mechanisms
are based on regulatory reprogramming of mitochondrial
complex function.
The mitochondrial respiratory chain consists of a series
of electron carriers that function as redox pairs and that
are mainly prosthetic groups of integral proteins. There are
four electron transfer or respiratory complexes (complexes I–
IV), each capable of catalyzing electron transfer in a partial
reaction of the respiratory chain. Complex I (NADH-ubiquinone
oxidoreductase) (C-I) is a multisubunit complex that possesses
the NADH-ubiquinone oxidoreductase activity. This largest
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component of the respiratory chain consists of at least 46
protein subunits (46–49) (Grivennikova et al., 2001). Seven
of which are encoded by the human mitochondrial genome.
Additionally, C-I contains stably bound cofactors, including
flavin mononucleotide and eight iron-sulfur clusters. C-II
(succinate-ubiquinone oxidoreductase) mediates the succinate
dehydrogenase (SDH) activity. C-III is ubiquinol-cytochrome c
reductase, while C-IV displays the cytochrome c oxidase activity.
The electrons resulting from the oxidative process are transferred
from C-I and C-II to C-III through ubiquinone and from C-III to
C-IV through cytochrome c as shuttles. Electron transfer through
complexes I, III, and IV is coupled to proton pumping, creating
the electrochemical gradient used by complex V (ATP synthase)
to synthesize ATP from ADP and in organic phosphate (Genova
et al., 1995; Brandt, 1997; Briére et al., 2004; Schagger et al., 2004;
Schäfer et al., 2006; Lenaz and Genova, 2007).
In the normoxic conditions, respiratory complexes are
assembled into supercomplexes. Complexes I, III, and IV exist
together as supramolecular assemblies called respirasomes.
The likely functions of the supercomplexes are facilitating
the electrons transfer between complexes and minimizing
the risk of releasing electrons. The assembly of a respirasome
might have advantages in substrate channeling of quinones
and/or cyt c, sequestration of reactive intermediates, and
stabilization of individual complexes. In humans, it was
shown that supercomplexes are essential for C-I stability
(Acín-Pérez et al., 2004; Schagger et al., 2004; Althoff
et al., 2011; Chen et al., 2012; Moreno-Lastres et al., 2012;
Winge, 2012). In contrast to the organized electron flow
by respiratory supercomplexes, mitochondrial C-II (SDH)
can function as an independent enzyme whose activity
is limited only by substrate availability (Hawkins et al.,
2010).
In normoxia, performance of the respiratory chain usually
depends on oxidation of NAD-dependent substrates, the major
supplier of reduction equivalents to the respiratory chain through
C-I (Figure 1A). Contribution of this pathway, as estimated by
oxygen consumption, predominates in intact cells. In brain, this
contribution may reach 90% relative to the total mitochondria
oxygen consumption (Lukyanova, 1997, 2014; Lukyanova et al.,
2009a, 2013). Nevertheless, in these conditions, a part of
mitochondrial respiration is related with the activity of an
alternative pathway of electron transport through C-II and
oxidation of succinate, a TAC cycle product found in relatively
low concentrations (0.2–0.4mM) in the normoxic mitochondrial
matrix (Hems and Brosnan, 1970; Komaromy-Hiller et al.,
1997). In normoxia, the ratio of the two oxidation pathways
(NAD-dependent and succinateoxidase) depends primarily on
properties of the major C-I and C-II enzymes, NADH-
ubiquinone oxidoreductase and SDH, respectively. Their kinetic
characteristics are tissue-specific and differ in animals with
different hypoxia tolerance (Lukyanova, 1988, 1997, 2005;
Dudchenko et al., 1993; Dudchenko and Luk’yanova, 1995, 1996;
Lukyanova and Dudchenko, 1999; Lukyanova et al., 2008b,
2009a,b).
Hypoxia induces regulatory reprogramming of the respiratory
chain, including reversible suppression of the C-1 electron
transport function and compensatory activation of C-
II Lukyanova, 1997; Lukyanova et al., 2008a, 2013). The
dissociation of C-I from the large supercomplexes occurs
under the hypoxic conditions, when succinate accumulates as a
substrate for C-II (Figure 1B) (Sanborn et al., 1979; Acín-Pérez
FIGURE 1 | Reprogramming of the respiratory chain function and switching from oxidation of NAD-related substrates (Complex I, C-I) in normoxia (A)
to succinate oxidation (C-II) in hypoxia (B). (A) Normoxia; high activity of C-I (70–80% of mitochondrial respiration), low activity of C-II (25–10% of mitochondrial
respiration); (B) hypoxia; depression of C-I, activation of C- II (90–75% of mitochondrial respiration).
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et al., 2004; Althoff et al., 2011; Chen et al., 2012; Moreno-Lastres
et al., 2012; Winge, 2012).
Hypoxia is associated with activation of succinate
dehydrogenase and succinate oxidation and with increased
contribution of the latter to respiration and energy production
(Acín-Pérez et al., 2004; Lenaz and Genova, 2007; Althoff et al.,
2011; Chen et al., 2012; Moreno-Lastres et al., 2012). The
contribution of succinate oxidase oxidation may reach 70–80%
(Lukyanova et al., 2008a, 2009a). Under these conditions,
mitochondrial C-II can function as an independent enzyme
whose activity is limited only by the substrate availability. The
C-II-driven electron flow is the primary way of mitochondrial
membrane polarization under the hypoxic conditions and
that lack of the C- II substrate succinate resulted in reversible
membrane potential loss that could be restored rapidly by
succinate supplementation (Nowak et al., 2008; Hawkins et al.,
2010). The inhibition of mitochondrial C-II also leads to
mitochondrial depolarization and mimics hypoxia in cells. The
effect of reversible inactivation of the C-I electron transport
function in hypoxia is the first stage in the development of
hypoxia-induced mitochondrial disorders, which correlate
with functional and metabolic phase changes observed at the
systemic level (Lukyanova, 1997; Lukyanova et al., 2009b, 2013;
Lukyanova, 2014).
At present time, much experimental evidence is available
in support of hypoxia-induced disorders in the C-I electron
transport function. These disorders persist and even increase in
the early posthypoxic period (first 30min to 2 h of reoxygenation)
and are known as mitochondrial dysfunction (Rouslin and
Millard, 1980; Lukyanova, 1988; Genova et al., 1995; Pitkanen
and Robinson, 1996; Robinson, 1998; Chávez et al., 2000; Kunz
et al., 2000; Weinberg et al., 2000; Maklashinas et al., 2002; Da
Silva et al., 2003; Feldkamp et al., 2004; Sadek et al., 2004; Regard
et al., 2008; Lukyanova et al., 2009a).
Also, much evidence exists for a special role of succinate
in tissue oxygen metabolism at early hypoxia. Thus, tissue
and blood content of succinate was shown to increase by an
order of magnitude up to 4–7mM already in the first 30min of
hypoxia, and to continue growing through early reoxygenation,
which allowed some researchers to consider succinate a hypoxia
marker molecule (Hems and Brosnan, 1970; Hochachka and
Dressendorfer, 1976; Taegmeyer, 1978; Hohl et al., 1987;
Komaromy-Hiller et al., 1997; Hochachka and Somero, 2001;
Kushnir et al., 2001).
The activation of succinate oxidase oxidation in these
conditions should be regarded as an evolutionarily formed,
urgent, protective, regulatory, and compensatory mechanism,
which occurs in most tissues under any form of oxygen shortage
and provides preservation of the aerobic energy production
during early disorders of the oxygen homeostasis (Lukyanova,
1997; Lukyanova et al., 2009a, 2013). If this switch does not
happen, the uncompensated hypoxic dysfunction of C-I results
in acute de-energization (decreased membrane potential; loss of
ATP and changes in the adenine nucleotide pool; and respiration
disorders due to oxidation of NAD-dependent substrates, the
electron donators for C-I) (Dudchenko et al., 1993; Dudchenko
and Luk’yanova, 1996; Lukyanova, 1997, 2005; Lukyanova and
Dudchenko, 1999; Lukyanova, 2005; Lukyanova et al., 2009a).
All this taken together precedes changes in other functional
and metabolic parameters that control the cell vital activity,
including condensation of the mitochondrial matrix; disturbed
calcium and potassium homeostasis; disordered expression of
themitochondrial genome; generation of reactive oxygen species;
loss of CoQ; exit of cytochrome c to the intermembrane space;
apoptosis; and impaired capability of cells for adaptation to
low pO2. These processes are associated with an increased
lactate/pyruvate ratio; changes in the cell redox potential;
metabolic acidosis; and impairment of various energy-dependent
processes (such as the electrogenic function of electro-excitable
cells and anabolic processes, including urea synthesis, phase II
biotransformation reactions, etc.
Features of Respiratory Chain
Reprogramming in Hypoxic Brain Cortex
The described above hypoxia-induced changes in the
performance of respiratory chain are universal and occur
in all tissues, although they are tissue-specific. This process is
particularly important for the brain, since the major energetic
substrate of oxidation in brain is glucose, which is metabolized to
pyruvate in the process of glycolysis. In the aerobic conditions,
pyruvate is oxidized in TCA cycle reactions in the NAD-
dependent pathway. In the normoxic brain cortex (BC), this
oxidation pathway may use up to 90% of consumed oxygen
(Lukyanova, 1997). However it should be taken into account that
pheno- and genotypic features of the body response to hypoxia
are critically important1. Furthermore, individual differences
in the response to hypoxia manifest themselves not only at the
systemic level but also at the cellular and subcellular levels.
Thus, processes of oxidative phosphorylation were
shown to be fundamentally different in BC mitochondria
of intact hypoxia high-resistant (HR) and low-resistant
(LR) rats. In BC of normoxic LR, the baseline similarity of
oxidative phosphorylation efficiency is due to a higher rate of
phosphorylating respiration, which indicates less economy of
this process at baseline. In addition, during oxidation of NAD-
dependent substrates by LR BC mitochondria, the velocity of
electron transport in the respiratory chain is maximum and may
exhaust its reserve capacity, should the functional load increase;
this is not observed in the brain of HR animals (Luk’yanova et al.,
1991; Dudchenko et al., 1993; Lukyanova et al., 2009a,c).
1Any population of animals is known to contain animals with dissimilar tolerance
to hypoxia, which correlates with features of the higher nervous system and the
functional metabolic profile (Lukyanova, 1997; Lukyanova et al., 2008b, 2009a,b).
This dissimilarity is based on differences in the state of the central nervous
system, neuro-humoral regulation, stress-activating, and stress-limiting systems,
oxygen transporting function of blood, and the state of membranes and receptors.
Low-resistant (LR) animals are considered to have a weak type of the nervous
system, increased excitability and emotional reactivity, less developed internal
inhibition, and high exhaustibility of excitation. LR animals respond to hypoxia
with agitation and high locomotor activity. In LR rats, acute hypoxia results in a
greater variety of functional and metabolic parameters than in high-resistant (HR)
rats. In contrast, HR to hypoxia animals have reduced excitability and anxiety,
milder aggressiveness, more pronounced internal inhibition, low sensitivity to any
provocative factors, and tendency to social domination. Acute hypoxia induces
an inhibitory response in HR rats (Goryacheva et al., 1993; Livanova et al., 1992;
Lukyanova, 1997, 2005; Lukyanova et al., 2009c).
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Differences in the oxidative capacity of the NAD-dependent
substrate region in the BC respiratory chain of HR and LR
animals reflect peculiarities of kinetic characteristics for some
of respiratory chain enzymes. Thus, in the normoxic BC of
LR rats, maximum activity and KM values (NADH) of NADH-
cytochrome c reductase, the main C-I enzyme, are significantly
lower than in the BC of HR rats (Dudchenko et al., 1993;
Dudchenko and Luk’yanova, 1995, 1996; Lukyanova, 1997, 2005,
2014; Lukyanova et al., 2013). Similar, though less pronounced
differences in values of kinetic parameters are typical for
cytochrome oxidase in BC of HR and LR animals. Therefore,
in the LR BC, these enzymes faster become saturated with the
enzyme-specific substrates (NADH or cyt-c) and slower oxidize
them, whichmay result in lower activity and faster inactivation of
C-I (Dudchenko and Luk’yanova, 1995, 1996; Luk’yanova et al.,
1995).
The differences in kinetic parameters of respiratory chain
enzymes remain also in oxygen-deficient BC of HR and LR
animals. For example, in the neocortex of LR rats, any hypoxia
exposure induced opposite changes in KM values of both complex
enzymes—increased NADH-ubiquinone oxidoreductase (C-I)
KM and decreased SDH KM (C-II). This process reflects reduced
and increased efficiency of the enzyme in the first and the second
instances, respectively. For this reason, the suppression of BC
C-I activity occurs earlier and is more marked in LR rats than
in HR rats. Therefore, in different forms of hypoxic exposure, the
switching of oxidation pathways for respiratory chain substrates
from the NAD-dependent pathway to the succinate pathway is
due to kinetic reasons (Luk’yanova et al., 1995). The existence
of different kinetic properties of respiratory chain enzymes
in HR and LR rat BC, a target for hypoxia, suggests that
this phenomenon is genetically predetermined, and the energy
metabolism is involved as a major factor determining formation
of individual resistance.
These features of C-I and C-II responses to hypoxia correlate
with changes in ATP content. Thus, evaluating the dependence
of intracellular ATP level on pO2 showed that a decrease in
ATP concentration in the LR rat BC began at higher pO2 values
and was much more pronounced than in HR rats (Dudchenko
et al., 1993; Dudchenko and Luk’yanova, 1995; Lukyanova and
Dudchenko, 1999). The hypoxic reprogramming of respiratory
chain substrate region not only prevents or alleviates disorders
of ATP synthesis and normalizes parameters of the adenylate
pool but also beneficially influences vital functions, stabilizes and
normalizes pH, eliminates acidosis typical for hypoxia (Maevsky
et al., 2001), and enhances resistance to the oxygen shortage
(Figure 1) (Taegmeyer, 1978; Weinberg et al., 2000; Lukyanova,
2005; Lukyanova et al., 2013; Lukyanova, 2014). This process
occurs rather rapidly. Changes in kinetic parameters of C-I and
C-II major enzymes were observed already at 30min of various
hypoxic exposures (Lukyanova et al., 2008b).
Analyzing effects of different hypoxic regimens on the
respiratory chain substrate region showed that regulatory
rearrangements of the respiratory chain performance
were qualitatively similar in all studied instances. These
rearrangements are aimed at activation of the succinate oxidase
pathway (C-II), which is energetically more efficient in the
hypoxic conditions (Hawkins et al., 2010). When changes in the
kinetic parameters of succinate oxidase oxidation were minor or
absent, the development of resistance was difficult (Lukyanova
et al., 2009a).
Qualitatively different changes in kinetic properties of
BC mitochondrial enzymes occur in long-term hypoxic
exposures, which provide formation of delayed adaptation
(lengthy stay in mountains, hypoxia courses in different
regimens). An undoubted sign of adaptation to high altitude
hypoxia is increased mitochondrial mass in tissues. The
increase in mitochondrial mass during long-term adaptation
to hypoxia correlated with activated synthesis of nucleic acids
and mitochondrial proteins to provide potentiation of the
mitochondrial apparatus. The increase in brain total protein
was associated with simultaneous increases in cytochromes,
including cytochrome aa3, which changed in the same way in
BC of both HR and LR animals. The cytochrome aa content
per unit tissue was increased and correlated with the increase in
mitochondrial mass and was decreased per unit mitochondrial
protein (Dudchenko and Luk’yanova, 1996; Lukyanova and
Dudchenko, 1999), which indicated a decreased amount of
respiratory transporters in the respiratory chain cytochrome
region. Furthermore, the decrease in oxidation rate of NAD-
dependent substrates was greater in the LR rat brain than in
HR rats.
However, the phosphorylation efficiency estimated by the
ATP/O ratio was higher after than before long-term adaptation to
hypoxia (Luk’yanova et al., 1990, 1991; Lukyanova et al., 2009b).
The increased efficiency of NAD-dependent substrate oxidation
together with the reduced electron transport function and the
increased amount of mitochondria suggest economization of
the energy production process in the brain of adapted rats.
Furthermore, the velocity of electron transport in the respiratory
chain was no longer limit as it had been before the adaptation,
and a “respiratory activity reserve” appeared. In contrast,
the “physiological range of respiratory activity” decreased. All
these processes were more pronounced in the BC of LR rats.
Taken together, these data suggest that long-term adaptation to
hypoxia restored the leading role of NAD-dependent oxidation
in the energy metabolism. Therefore, preserving high activity
of specifically these pathways is essential for development
of individual brain resistance to oxygen shortage. On the
contrary, the participation of succinate oxidase pathway in
energy metabolism during long-term adaptation to hypoxia
gradually declined, particularly in the brain of LR animals,
and the use of this pathway as a compensatory mechanism
became restricted (Lukyanova andDudchenko, 1999; Lukyanova,
2005).
Kinetic properties of mitochondrial enzymes also changed
in the process of long-term adaptation to hypoxia. In the
BC of LR rats adapted to hypoxia, Vmax values for NADH
cytochrome c reductase and cytochrome oxidase 1.5–2.5 times
increased while KM (cyt c) values decreased, and the Vmax
values approached or exceeded those for HR rat BC. In other
words, in the LR BC, activities of these enzymes increased during
adaptation to hypoxia whereas their substrate (NADH and cyt
c) affinity decreased (Lukyanova et al., 2008a). In the BC of HR
Frontiers in Neuroscience | www.frontiersin.org 6 October 2015 | Volume 9 | Article 320
Lukyanova and Kirova Mitochondria signaling mechanisms in hypoxia
rats, parameters of these enzymes remained unchanged or even
decreased.
The physiological significance of such transformation may be
that new isoforms of mitochondrial enzymes with new features
emerge in the LR BC during adaptation. These features allow
the enzymes to function in a broader range of their substrate
(NADH or reduced cyt c) concentrations and at higher rates.
The reduction degree of pyridine nucleotides and cytochromes,
specifically cyt c, increases in hypoxia. Therefore, emergence of
new kinetic properties in NADH cytochrome c reductase and
cytochrome oxidase may provide more effective performance of
these enzymes in long-term oxygen shortage. This may result in
higher resistance of LR BC mitochondria to acute hypoxia.
Therefore, the economization of energy production
characteristic of long-term adaptation to hypoxia is due to
emergence of a new mitochondrial population with new
properties, including the decreased content of respiratory
transporters in the respiratory chain terminal region and the
lower oxidizing capacity of these transporters, which, however,
work more efficiently due to the increase deficiency of oxidative
phosphorylation and the increased amount of mitochondria
in the cell. On the whole, both these processes focus on
replenishment of ATP losses, which should have occurred in
these conditions.
However, in long-term adaptation to hypoxia, the significance
of succinate oxidase oxidation gradually declines. In this
process, the electron transport function of the NAD-dependent
oxidation pathway gradually recovers, and the efficiency of C-
I performance increases (Lukyanova et al., 2008a,b, 2009a).
This may be related with the adaptation-induced emergence
of new isoforms of the major complex I enzyme with new
kinetic properties, which enhances the complex efficiency in high
reduction of the pyridine nucleotide pool. Maintaining the high
activity of C-II in these conditions may hamper the process.
Therefore, succinate contributes to formation of both
immediate and delayed mechanisms of adaptation and resistance
to hypoxia.
Brain Mitochondria and HIF-1
Transcriptional Activity in Hypoxia
According to current concepts, the leading role in development
of adaptation to hypoxia belongs to hypoxia-inducible factor
1 (HIF-1), a specific protein factor induced by hypoxia. This
factor discovered in the early 1990s (Wang and Semenza, 1993;
Semenza, 2002, 2007, 2009) functions as the major regulator
of oxygen homeostasis. HIF-1 is a mechanism that the body
uses to respond to hypoxia by controlling expression of proteins
responsible for oxygen delivery to cells, i.e., HIF-1 mediates cell
adaptive responses to changes in tissue oxygenation.
HIF-1 is a heterodimeric redox-sensitive protein consisting
of two subunits, the cytoplasmic inducible, oxygen-sensitive
α subunit (Semenza, 2002, 2007, 2009), which is expressed
in practically all mammalian cells, and the constitutive α
subunit. The HIF-1 activity depends primarily on the HIF-1α
subunit whose synthesis is controlled by the MAPK and P13K
signaling systems activated by the tyrosine kinase receptor.
The receptor agonists include tyrosine hydroxylase, cytokines,
growth factors (such as insulin-like factor), and succinate.
Normally, the intracellular level of HIF-1α subunit is low because
this subunit undergoes proteasomic degradation in oxygen-
dependent reactions of prolyl hydroxylation and ubiquitination.
Hypoxia creates prerequisites for inactivation of prolyl
hydroxylase reactions and thereby provides HIF-1α stabilization
and accumulation, induction of HIF-1α transcription and
translocation to the nucleus, HIF-1α heterodimerization with
the HIF1 β/ARNT subunit, formation of the active transcription
complex HRE, expression of HIF-1 dependent target genes, and
synthesis of protective, adaptive proteins (Semenza, 2002, 2007,
2009; Kim et al., 2006).
Our investigations have shown that under hypoxic
preconditioning, neither free-radical processes nor cytokines
and NO perform the function of signaling mechanisms for
immediate adaptation responsible for the accumulation of
HIF-1α in the early posthypoxic period, and they are likely to
be only secondary messengers playing an important role in
the formation of delayed adaptation (Kirova et al., 2013, 2014;
Lukyanova, 2014).
At the same it is known that oxygen-dependent process
of HIF-1α prolyl-hydroxylation and proteasomic degradation
occurring in the cytosol of normoxic cells is coupled with
utilization of the NAD-dependent substrate of TAC cycle, α-
ketoglutarate, while another TAC cycle substrate, succinate, is an
allosteric inhibitor of this process (Semenza, 2002, 2007, 2009;
Hewitson et al., 2007). Hypoxia inhibits the malate-aspartate
bypass, which provides α-ketoglutarate to the cytosol, whereas
succinate synthesis is intensified. This creates prerequisites
(along with O2 and Fe
2+ shortage) for inactivation of prolyl
hydroxylase reactions and HIF-1α stabilization, accumulation
and potentiation of HIF-1α transcriptional activity.
Now it is proved that functioning of the mitochondrial
respiratory chain is coupled with the hypoxia-induced
transcriptional expression of HIF-1α. It was shown that even
a partial (20%) suppression of C-II activity almost completely
inhibited the hypoxic induction of HIF-1α. However it recovered
in the presence of succinate (Vaux et al., 2001; Paddenberg et al.,
2003; Napolitano et al., 2004; Selak et al., 2005; Hewitson et al.,
2007; Koivunen et al., 2007).
We have also shown, that induction of HIF-1α requires a low
C-1 activity and a high C-II activity, i.e., potentiation of succinate
oxidation (Lukyanova et al., 2008b, 2009b, 2011; Kirova et al.,
2013, 2014; Lukyanova, 2014). If that is the case, a relationship
should exist between activation of the succinate oxidase oxidation
pathway and HIF-1α formation in hypoxia (Figure 2).
However, it should be kept in mind that excessive tissue
accumulation of succinate in pathological conditions related with
impairment of the SDH oxidative function or deficiency of this
enzyme may result in excessively high tissue content of HIF-
1α and, eventually, uncontrolled potentiation of proliferation,
encephalomyopathy, and tumors (Chávez et al., 2000). Thus,
succinate dehydrogenase mutations were shown to induce renal,
gastric, and thyroid carcinoma, and degeneration of striatal spiny
neurons (Huntington‘s disease) (Baysal, 2003; Selak et al., 2005).
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FIGURE 2 | Interaction of succinate oxidase-mediated oxidation (C-II) and HIF-1α transcriptional activity in hypoxia. Activation of C-II contributes to
inhibition of prolyl hydroxylase-mediated reactions (PHD) HIF-1α accumulation and translocation to the nucleus, and expression of HIF-1α-dependent adaptation
genes. C-II, C-III, C-IV - mitochondrial enzyme complexes; TAC, tricarbonic acid cycle; PHD, prolyl hydroxylase-mediated reaction.
Brain Expression of the
Succinate-Dependent Receptor, GPR91, in
Hypoxia
Hypoxic reprogramming and switching of the respiratory chain
to the succinate oxidase oxidation pathway creates prerequisites
for induction of another succinate oxidase signaling pathway,
the expression of GPR91 receptor. In 2004, it was shown that
succinate, a substrate for the TAC and SDH, the respiratory chain
enzyme (C-II), was a specific ligand of GPR91, a metabotropic,
purinergic, G protein-coupled receptor from the P2Y family
localized in the plasma membrane (He et al., 2004). Succinate-
stimulated expression of GPR91 is coupled with activation of
Gq/11, Go and Gi signaling pathways (He et al., 2004; Vargas
et al., 2009). The Gq/11 subfamilies activate phospholipase
Cβ, which converts phosphatidylinositol-4,5,-bisphosphate into
inositol-1,4,5-trisphosphate and diacylglycerol (Fraser, 2008).
Members of the Gi family, including, Go, activate a variety of
phospholipases and phosphodiesterases, and promote opening of
several ion channels. Gi family members can inhibit a subset of
enzymes, thereby controlling the intracellular concentrations of
cAMP (Hamm, 1998). Inhibition of Gi causes strong impairment
of lymphocyte migration in vitro (Kaslow and Burns, 1992),
suggesting that signaling through the Gi is involved in cell
motility processes.
The succinate-dependent receptor, GPR91, is identified in
more than 20 tissues (Stroka et al., 2001). The list of GPR91
localizations have been continuously expanding. The role of
GPR91 is best studied for kidneys where the succinate-dependent
expression of GPR91 involves the renin-angiotensin system
and promotes development of renovascular hypertension, which
is closely associated with atherosclerosis, diabetes, and renal
insufficiency (He et al., 2004; Correa et al., 2007; Sadagopan
et al., 2007; Sapieha et al., 2008; Toma et al., 2008; Vargas et al.,
2009; Kermorvant-Duchemin et al., 2010; Deen and Robben,
2011). This activation is a part of a kidney-specific, paracrine
signaling pathway initiated by high glucose concentrations. The
GPR91 signaling cascade in kidneys includes local accumulation
of succinate and expression and internalization of GPR91 in
endothelial cells of kidney tubules. In the process of signal
transduction, increased endothelial Ca2+ and formed NO and
prostaglandin E2 exert a paracrine effect on adjacent renin-
producing cells. This cascade can modulate renal function and
facilitate elimination of metabolites by hyperfiltration.
The succinate-dependent GPR91 expression was found in
the rodent retinal ganglion cell layer (Sapieha et al., 2008);
in ischemic dendrite cells where GPR91 also functions as a
trigger for Ca2+ mobilization and induction of proinflammatory
cytokines (Rubic et al., 2008); in penumbra neurons and
astrocytes of infracted brain where GPR91 stimulates an increase
in microvessel density (Hamel et al., 2014); in hemopoietic
progenitor cells where GPR91 stimulates their growth (Hakak
et al., 2009). In hepatic ischemia, GPR91 is expressed only
in hepatic stellate cells (Correa et al., 2007). In this case, the
succinate-dependent effect is not related with hypertension.
The receptor transforms the signal of increased extracellular
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succinate concentration into an intracellular signal, which
provides activation of stellate cells in response to liver damage.
Information about the functional role of GPR91 is practically
limited to these reports, which, however, do not answer the
questions, what place the receptor occupies in the body response
to hypoxia, and how GPR91 interacts with other signaling
systems. According to our data, in the normoxic conditions, the
succinate dependent receptor, GPR91, was present in all studied
aerobic tissues. However GPR91 was absent in mitochondria-
free red cells, which indirectly evidenced GPR91 dependence on
mitochondria. The highest density of GPR91 was observed in the
myocardium where the GPR91 density was 1.7 times higher than
in BC and 2.7 times higher than in liver and kidneys (Lukyanova
et al., accepted).
We have also shown that the immediate GPR91 expression
response to a single hypoxic exposure is tissue-specific, depends
on the intensity and duration of the hypoxic exposure, and
its intensity does not correlate with the baseline receptor
concentration. Thus, the baseline GPR91 concentration was the
highest in the myocardium. However, the intensity of GPR91
expression induced by mild and moderate hypoxia was low and
increased slowly. The GPR91 baseline concentration in the BC
was half the myocardial concentration. Nevertheless, the GPR91
induction was observed in the BC in a broader range of low
O2 in the inhaled air than in the myocardium and liver and
was highly intensive (Lukyanova et al., accepted). These facts
indicate higher reactivity and sensitivity to oxygen shortage of
this succinate-dependent signaling system in the BC than in other
studied organs, which may reflect a special significance of this
system to the brain under the hypoxic conditions. FIO2 = 14% is
a threshold value for GPR91 induction in the BC. In other tissues,
GPR91 expression is not induced by these oxygen concentrations
in inhaled air.
As distinct from a single, hypoxic session, repeated 60-min
exposures (moderate hypoxia) induced a phase of delayed GPR91
expression in the BC, which formed regardless of whether
the immediate phase of receptor expression was induced. The
delayed phase developed following 5–8 sessions and reached
a peak at 8–12 days. The delayed phase contemporized with
development of delayed, non-specific tolerance of the body
(Lukyanova et al., 2009a; Lukyanova et al., accepted). In none
of the studied tissues, the phase of delayed GPR91 expression
developed after a single hypoxic exposure.
Therefore, the succinate-dependent receptor, GPR91, is
involved in the mechanism of formation of both immediate and
delayed adaptation to hypoxia. The immediate GPR91 induction
was the most intensive in hypoxic BC, which implied a high
significance of this signaling pathway for the brain functioning.
The fact that the phase of delayed GPR91 expression did not
develop after a single hypoxic exposure and required repeated
hypoxic sessions suggested that the mechanism of delayed phase
formation did not depend on the immediate GPR91 expression
but was mediated by other processes developing during a later
phase.
The typical for BC immediate hypoxic expression of GPR91
may reflect a local increase in tissue succinate consistent with
the hypoxic exposure and followed by succinate binding to the
receptor as a paracrine signal. In the brain, the GABA bypass
(Roberts cycle) may be a source of succinate in hypoxia. This
brain-specific cycle consists of successive biochemical reactions
activated by hypoxia/ischemia. In these reactions, gamma-
aminobutyric acid (GABA) transforms to succinic acid, a C-
II (SDH) substrate, through an intermediate step of succinic
semialdehyde (Figure 3).
We have tested a possibility of using succinate formed in this
cycle in the BC as a specific ligand for the GPR91 receptor. When
the activity of glutamate decarboxylase, an enzyme responsible
for GABA synthesis, modulation of the GABA bypass activity,
and local endogenous formation of succinate, was inhibited with
thiosemicarbazide (TSC), the immediate GPR91 expression was
not observed in the BC under moderate hypoxia (Lukyanova
et al., accepted). However, when TSC was administered together
with succinate-containing agents (mexidol, proxipin, sodium
succinate), the tissue receptor density recovered and was only
slightly lower than the receptor density without the GABA
inhibitor. These data demonstrate dependence of the GPR91
expression in the BC on succinate formed in hypoxia-induced
reactions of the GABA bypass. This dependence, in its turn,
suggests that in the BC, the induction of the succinate-dependent
receptor, GPR91, performs a specific function in hypoxia. This
function is related with the bypass performance and focused
on elimination of glutamate excitotoxicity and maintenance of
aerobic oxidation due to activation of the succinate-dependent
pathway catalyzed by C-II. Therefore, the BC-specific immediate
hypoxic expression of the succinate-dependent receptor, GPR91,
is related with activity of the GABA bypass, which functions as
a source of succinate both for the receptor and the respiratory
chain.
Pharmacological Methods for Protection of
the Brain Respiratory Chain in Hypoxia
Prevalence of pathologies related with the disturbed function
of C-I in both normoxic and hypoxic conditions, defines the
exceptional importance and social significance of protecting the
respiratory chain from oxygen shortage and protecting the body
from the accompanying energy deficiency.
At present, two approaches to solving this problem exist—
pharmacological and physical-therapeutic. The first approach
(energotropic therapy) is based on the use of drugs containing
an active substance that can interact with the mitochondrial
respiratory chain and activate C-I bypassing oxidation pathways
while the respiratory chain cytochrome region remains intact.
This provides fast reversal of the energy deficiency induced by
dysfunction of the NADH-dependent region.
The second approach (hypoxic therapy) is based on repeated
exposures to mild hypoxia regimens (hypoxic preconditioning).
These exposures induce a variety of adaptive responses,
including formation of new isoforms of C-I enzymes with new
redox properties, which allow C-I to function in the hypoxic
conditions. Non-specific stress resistance of the body increases
simultaneously.
The leading place among energotropic medicines belongs to
succinate-containing drugs which have been successfully used
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FIGURE 3 | Interaction of the respiratory chain and the GABA bypass aimed at formation of succinate, a GPR91 ligand, in hypoxic BC.
as effective antihypoxic and adaptogenic compounds. The most
effective of these drugs are structural derivatives of vitamin B6,
which belong to 3-oxypyridine derivatives (mexidol, proxipin).
These drugs are used in the early phase of acute disorders related
with oxygen shortage (Luk’yanova et al., 1990; Kondrashova,
1993; Lukyanova and Dudchenko, 1999; Lukyanova et al.,
2009a,b,c; Lukyanova, 2005; Nowak et al., 2008).
All succinate-containing drugs are very rapidly absorbed in
the setting of different types of hypoxia/ischemia. They exert
stabilizing or restoring effect on intracellular ATP as soon as
in 15min after administration. Studies of their mechanism
showed that the respiratory chain uses succinate incorporated
in the drug structure as an energy substrate. This process
stimulates respiration and switches the electron flow from C-I
to C-II (succinate monopolization of the respiratory chain
proven by the increased respiration sensitivity to malonate and
the reduced rotenone-sensitive respiration due to oxidation
of NAD-dependent substrates) (Lukyanova and Dudchenko,
1999). Thus, succinate-containing drugs are succinate donors
for the respiratory chain. In the hypoxic conditions, they
function as antihypoxants potentiating activation of the
succinate oxidase oxidation pathway to facilitate recovery and
normalization of aerobic energy production (Lukyanova et al.,
2009a).
Energotropic and antihypoxic effects of succinate-containing
compounds are associated with (1) pronounced antioxidant
properties; (2) modification and resynthesis of phospholipids,
which decrease the membrane ionic permeability and K+
outflow from mitochondria by the concentration gradient; (3)
normalizing effect on calcium metabolism; (4) catecholamine-
mimetic, antiteratogenic, antitoxic, hepatoprotective,
antiketogenic, and anticholesterolemic effects; (5) removal
of excessive acetyl-Co-A associated with decreases in excessive
lipids and their metabolites; (6) reduction and normalization of
pH and elimination of metabolic acidosis (Kondrashova, 1993;
Maevsky et al., 2001).
Along with the energotropic and antihypoxic effects,
succinate-containing compounds beneficially influenced
multiple vital functional parameters in the conditions of
hypoxia and ischemia. These drugs reduced the death rate,
recovered the body capability for gaining weight, decreased
severity of neurological disorders and aggression typical for
hypoxia, exerted antistress and normalizing effects on locomotor,
exploratory, and emotional activities of animals (Luk’yanova
et al., 1990; Lukyanova, 2005; Lukyanova et al., 2009a,b).
Proxipin and mexidol are characterized by a broad range of
pharmacological actions. In addition to pronounced antioxidant
and psychotropic properties, they are able to increase resistance
of the body to different types of hypoxia, reduce ATP losses in
ischemic brain and myocardium, and normalize the process of
oxidative phosphorylation (Lukyanova, 1997, 2005; Lukyanova
and Dudchenko, 1999; Lukyanova et al., 2009b).
It should be also kept in mind that beneficial effects
of succinate-containing drugs are supplemented with their
modulating effects on the HIF-1α transcriptional activity and
the coupled expression of genes for immediate and delayed
adaptation, and involvement of critical intracellular signaling
pathways via the succinate-dependent receptor, GPR91.
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FIGURE 4 | Mitochondrial signaling in cell-to-cell interactions at hypoxia. Reprogramming of the mitochondrial respiratory chain function in hypoxia is a
regulatory and compensatory mechanism, which provides: (1) activation of succinate oxidation, a more efficient pathway of energy production in the conditions of
rapidly progressing oxygen shortage (A); (2) succinate-dependent PDH inhibition, subsequent stabilization of HIF-1α, and initiation of HIF-1α transcriptional activity (B);
(3) succinate-dependent activation of the GPR91 signaling pathway and related signaling pathways, stimulation of HIF-1α synthesis and transcriptional activity (C).
All this provides that the succinate therapy used in the early
phase of acute disorders, i.e., during formation of immediate
adaptive mechanisms (first 1–3 days of global cerebral ischemia,
stroke, myocardial infarction, acute heart failure, traumatic
shock, recovery after heart arrest, early postoperative period, after
anesthesia, etc.,) exerts a pronounced protective, antihypoxic
effect, and increases ATP in tissues.
Conclusion
The data provided above show that the mitochondrial respiratory
chain not only directily contribiutes to the development of both
early and late adaptive responses in the conditions of hypoxia
but is also involved in a sophisticated system of intra- and
intercellular signaling, which provides formation of a systemic
response to oxygen shortage.
The response to hypoxia initially mediated by C-I inhibition
and C-II activation at the subcellular (mitochondrial) level
triggers a cascade of succinate-dependent, interacting regulatory
reactions, which develop at both cellular and systemic levels and
regulate the maintenance of oxygen homeostasis in the body
(Figure 4).
Transient, reversible, compensatory activation of respiratory
chain complex II is a major mechanism of immediate adaptation
to hypoxia necessary for (1) succinate-related energy synthesis
in the conditions of oxygen deficiency and formation of urgent
resistance in the body; (2) succinate-related stabilization of
HIF-1α and initiation of its transcriptional activity related
with formation of long-term adaptation; (3) succinate-related
activation of the succinate-specific receptor, GPR91.
This mechanism participates in at least four critical regulatory
functions: (1) sensor function related with changes in kinetic
properties of C-I and C-II in response to a gradual decrease
in ambient oxygen concentration; this function is designed for
selection of the most efficient pathway for energy substrate
oxidation in hypoxia; (2) compensatory function focused on
formation of immediate adaptive responses to hypoxia and
hypoxic resistance of the body; (3) transcriptional function
focused on activated synthesis of HIF-1 and the genes providing
long-term adaptation to low pO2; (4) receptor function,
which reflects participation of mitochondria in the intercellular
signaling system via the succinate-dependent receptor, GPR91.
In all cases, the desired result is achieved by activation
of the succinate-dependent oxidation pathway, which allows
considering succinate as a signaling molecule.
Therefore the overall response of the body to oxygen shortage
reflects a sophisticated, evolutionarily formed, multifunctional
cell response, where energy metabolism performs a trigger,
coordinating function of a protective signaling mechanism in the
general hierarchy of intracellular processes.
Although succinate-dependent processes occur in different
hypoxic tissues, in the BC these processes are observed in a
greater range of low oxygen concentrations, more coordinated
in time, and more intensive. This suggests, first, well-regulated
endogenous, metabolic, anti-hypoxic defense, and adaptive
capability of the brain and, second, a particular significance of
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brain adaptive processes for the development of tolerance in the
whole body.
Analysis of bioenergetics mechanisms and related succinate-
dependent signaling reactions in different hypoxia regimens
showed that parameters of energy metabolism can be used
as predictors and prognostic criteria for severity of hypoxic
disorders.
The leading regulatory role of mitochondrial respiratory
chain and succinate, its energy substrate, in the development
of immediate adaptation to hypoxia suggests a possibility of
modulating this process to optimize it. Practical medicine
successfully uses various succinate-containing drugs, which exert
beneficial effects in pathologies with a hypoxic component, due
to their antihypoxic and energotropic effects.
References
Acín-Pérez, R., Bayona-Bafaluy, M., Fernández-Silva, P., Moreno-Loshuertos, R.,
Pérez-Martos, A., Bruno, C., et al. (2004). Respiratory complex III is required to
maintain complex I in mammalian mitochondria. Mol. Cell. 13, 805–815. doi:
10.1016/S1097-2765(04)00124-8
Acker, H. (1994). Mechanisms and meaning of cellular oxygen sensing in the
organism. Respir. Physiol. 95, 1–10. doi: 10.1016/0034-5687(94)90043-4
Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., and Watson, J. D. (1989).
Molecular Biology of the Cell. New York, NY; London: Garland Publishing.
Althoff, T., Mills, D. J., Popot, J. L., and Kühlbrandt, W. (2011). Arrangement of
electron transport chain components in bovine mitochondrial supercomplex
I1III2IV1. EMBO J. 30, 4652–4664 doi: 10.1038/emboj.2011.324
Appaix, F., Kuznetsov, A. V., Usson, Y., Kay, L., Andrienko, T., Olivares, J.,
et al. (2003). Possible role of cytoskeleton in intracellular arrangement
and regulation of mitochondria. Exp. Physiol. 88, 175–190. doi:
10.1113/eph8802511
Balaban, R. S. (1977). Cellular Energy Metabolism and its Regulation. New York,
NY: Academic Press.
Baysal, B. E. (2003). On the association of succinate dehydrogenese mutations
with hereditary paraganglion. Trends Endocrinil. Metab. 14, 453–459. doi:
10.1016/j.tem.2003.08.004
Bernaudin, M., Tang, Y., Reilly, M., Petit, E., and Sharp, F. (2004). Brain
genomic response following hypoxia and re-oxygenation in the neonatal rat.
Identification of genes that might contribute to hypoxia-induced ischemic
tolerance. J. Biol. Chem. 277, 39728–39738. doi: 10.1074/jbc.M204619200
Bickler, E., and Donohoe, P. (2002). Adaptive responses of vertebrate neurons to
hypoxia. J. Exp. Biol. 205, 3579–3586.
Brandt, U. (1997). Proton translocation by membrane-bound NADH-ubiquinone
oxidoreductase (complex I) through redox-gated ligand conduction. Biochim.
Biophys. Acta 1318, 79–91. doi: 10.1016/S0005-2728(96)00141-7
Briére, J.-J., Chrétien, D., Bénit, P., and Rustin, P. (2004). Respiratory chain defects:
what do we know for sure about their consequences in vivo. Biochim. Biophys.
Acta 1659, 172–177. doi: 10.1016/j.bbabio.2004.07.002
Bruick, R. (2003). O2 sensing in the hypoxic response pathway: regulation of
the hypoxia-inducible transcription factor. Genes Dev. 17, 2614–2623. doi:
10.1101/gad.1145503
Brunk, U. T., and Terman, A. (2002). The mitochondrial-lysosomal axis theory
of aging. Eur. J. Biochem. 269, 1996–2002. doi: 10.1046/j.1432-1033.2002.
02869.x
Butow, R. A., and Avadhani, N. G. (2004). Mitochondria signaling: the
retrograde response. Mol. Cell. 14, 1–15. doi: 10.1016/S1097-2765(04)
00179-0
Chandel, N. (1990). Regulation of oxidative phosphorylation in the mammalian
cell. Am. J. Physiol. 258, C377–C389.
Chandel, N. S., and Schumacker, P. T. (2000). Cellular oxygen sensing by
mitochondria: old questions, new insight. J. Appl. Physiol. 88, 1880–1889.
Chávez, J. C., Agani, F., Pichiule, P., and LaManna, J. C. (2000). Expression of
hypoxia-inducible factor-1α in the brain of rats during chronic hypoxia. J. Appl.
Physiol. 89, 1937–1942.
Chen, H., and Chan, D. C. (2005). Emerging functions of mammalian
mitochondrial fusion and fission. Hum. Mol. Genet. 14, R283–R289. doi:
10.1093/hmg/ddi270
Chen, H., and Chan, D. C. (2009). Mitochondrial dynamics–fusion, fission,
movement, and mitophagy–in neurodegenerative diseases. Hum. Mol. Genet.
18, R169–R176. doi: 10.1093/hmg/ddp326
Chen, Y. C., Taylor, E. B., Dephoure, N., Heo, J. M., Tonhato, A., Papandreou,
I., et al. (2012). Identification of a protein mediating respiratory supercomplex
stability. Cell Metab. 15, 348–360. doi: 10.1016/j.cmet.2012.02.006
Correa, P. R., Kruglov, E. A., Thompson, M., Leite, M. F., Dranoff,
J. A., and Nathanson, M. H. (2007). J. Hepatol. 47, 262–269. doi:
10.1016/j.jhep.2007.03.016
Darley-Usmar, V. (2004). The powerhouse takes control of the cell; the role of
mitochondria in signal transduction. Free Radic. Biol. Med. 37, 753–754 doi:
10.1016/j.freeradbiomed.2004.05.026
Da Silva, M., Sartori, A., Belisle, E., and Kowaltowsky, A. (2003). Ischemic
preconditioning inhibits mitochondrial respiration, increase H2O2 release, and
enhances K+ transport. Am. J. Physiol. Heart Circ. Physiol. 285, H154–H162.
doi: 10.1152/ajpheart.00955.2002
Das, J. (2006). The role of mitochondrial respiration in physiological and
evolutionary adaptation. BioEssays 28, 890–901. doi: 10.1002/bies.20463
Deen, P. M., and Robben, J. H. (2011). Succinate receptors in the kidney. J. Am.
Soc. Nephrol. 22, 1416–1422. doi: 10.1681/ASN.2010050481
Devin, A., and Rigoulet, M. (2007). Mechanisms of mitochondrial response to
variations in energy demand in eukaryotic cells. Am. J. Physiol. Cell Physiol.
292, C52–C58. doi: 10.1152/ajpcell.00208.2006
Di Lisa, F., and Ziegler, M. (2001). Pathophysiological relevance of mitochondria in
NAD(+) metabolism. FEBS Lett. 492, 4–8. doi: 10.1016/S0014-5793(01)02198-6
Duchen, M. R. (2004). Roles of mitochondria in health and disease. Diabetes 53,
S96–S102. doi: 10.2337/diabetes.53.2007.S96
Duchen, M., Surin, A., and Jacobson, J. (2003). Imaging mitochondrial function in
intact cells.Meth. Enzymol. 361, 353–389. doi: 10.1016/S0076-6879(03)61019-0
Dudchenko, A., Chernobaeva, G., Belousova, V., Vlasova, I., and Luk’yanova, L.
(1993). Bioenergetic parameters of the brain in rats with different resistance to
hypoxia. Bull. Exp. Biol. Med. 115, 263–267. doi: 10.1007/BF00836406
Dudchenko, A., and Luk’yanova, L. (1995). Effects of adaptation to hypoxia on
cytochrome levels in the brain and liver of rats. Bull. Exp. Biol. Med. 120,
1193–1195. doi: 10.1007/BF02445568
Dudchenko, A., and Luk’yanova, L. (1996). Effects of adaptation to periodic
hypoxia on kinetic parameters of respiratory chain enzymes in rat brain. Bull.
Exp. Biol. Med. 121, 232–235. doi: 10.1007/BF02446754
Fan, W., van Vuuren, D., Genade, S., and Lochner, A. (2010). Kinases and
phosphatases in ischaemic preconditioning: a re-evaluation. Basic Res. Cardiol.
105, 495–511. doi: 10.1007/s00395-010-0086-3
Feldkamp, T., Kribben, A., Roeser, N. F., Senter, R. A., Kemner, S., Venkatachalam,
M. A., et al. (2004). Preservation of complex I function during hypoxia-
reoxygenation-induced mitochondrial injury in proximal tubules. Am. J.
Physiol. Ren. Physiol. 286, F749–F759. doi: 10.1152/ajprenal.00276.2003
Felty, Q., and Roy, D. (2005). Estrogen, mitochondrea, and growth of cancer non
cancer cells. J. Carcinog. 4:1 doi: 10.1186/1477-3163-4-1
Fiermonte, G. (1999). Organization and sequence of the gene for the human
mitochondrial dicarboxylate carrier: evolution of the carrier family. Biochem.
J. 344, 953–960. doi: 10.1042/bj3440953
Fraser, C. C. (2008). G-Protein-coupled receptor connectivity to NF-kappaB
in inflammation and cancer. Int. Rev. Immunol. 27, 320–350. doi:
10.1080/08830180802262765
Genova, M., Castelluccio, C., Fato, R., Parenti-Castelli, G., Merlo-Pich, M.,
Formiggini, G., et al. (1995). Major changes in Complex I activity in
mitochondria from aged rats may not be detected by direct assay of NADH-
coenzyme Q reductase. Biochem. J. 311, 105–109. doi: 10.1042/bj3110105
Gnaiger, E. (2005). Mitochondrial physiology. The many Faces and functions of an
organelle.Mitochondr. Physiol. Netw. 10, 1–152.
Frontiers in Neuroscience | www.frontiersin.org 12 October 2015 | Volume 9 | Article 320
Lukyanova and Kirova Mitochondria signaling mechanisms in hypoxia
Gnaiger, E., Méndez, G., and Hand, S. (2000). High phosphorylation efficiency and
depression of uncoupled respiration in mitochondria under hypoxia. PNAS 97,
11080–11085. doi: 10.1073/pnas.97.20.11080
Goryacheva, T., Dudchenko, A., Spasskaya, M., Mikhal’skaya, I., Glebov, R.,
and Luk’yanova, L. (1993). Differences in hormonal status between rats with
high and low resistance to hypoxia. Bull. Exp. Biol. Med. 116, 817–820. doi:
10.1007/BF00786160
Gray, M. W., Burger, G., and Lang, B. F. (1999). Mitochondrial evolution. Science
283, 1467–1481. doi: 10.1126/science.283.5407.1476
Gray, M. W., Burger, G., and Lang, B. F. (2001). The origin and early evolution
of mitochondria. Genome Biol. 2, 1018.1–1018.5. doi: 10.1186/gb-2001-2-6-
reviews1018
Gray, M. W. (2012). Mitochondrial evolution. Cold Spring Harb. Perspect. Biol. 4,
9. doi: 10.1101/cshperspect.a011403
Grivennikova, V. G., Kapustin, A. N., and Vinogradov, A. D. (2001).
Catalytic activity of NADH-ubiquinone oxidoreductase (complex I) in intact
mitochondria. J. Biol. Chem. 276, 9038–9044. doi: 10.1074/jbc.M009661200
Gunter, K., and Gunter, T. (1994). Transport of calcium by mitochondria. J.
Bioenerg. Biomembr. 26, 471–485. doi: 10.1007/BF00762732
Hakak, Y., Lehmann-Bruinsma, K., Phillips, S. H., Le, T., Llaw, C. H., Connolly,
D. T., et al. (2009). The role of the GPR91 ligand succinate in hematopoiesis.
J. Leukoc. Biol. 85, 229–243. doi: 10.1189/jlb.1008618
Hamel, D., Sanchez, M., Duhamel, F., Roy, O., Honoré, J.-C., Noueihed, B., et al.
(2014). G-Protein–coupled receptor 91 and succinate are key contributors in
neonatal postcerebral hypoxia-ischemia recovery. Arterioscle. Thromb. Vasc.
Biol. 34, 285–293. doi: 10.1161/ATVBAHA.113.302131
Hamm, H. E. (1998). The many faces of G protein signaling. J. Biol. Chem. 273,
669–672. doi: 10.1074/jbc.273.2.669
Hansford, R., and Zorov, D. (1998). Role of mitochondrial calcium transport
in the control of substrate oxidation. Mol. Cell. Biochem. 184, 359–369. doi:
10.1023/A:1006893903113
Hawkins, B. J., Levin, M. D., Doonan, P. J., Petrenko, N. B., Davis, C. W., Patel, V.
V., et al. (2010). Mitochondrial complex II prevents hypoxic but not calcium-
and proapoptotic Bcl-2 protein-induced mitochondrial membrane potential
loss. J. Biol. Chem. 285, 26494–26505. doi: 10.1074/jbc.M110.143164
He, W., Miao, F. J., and Lin, D. C. (2004). Citric acid cycle intermediates as
ligands for orphan-G-protein-coupled receptors. Nature 429, 188–193. doi:
10.1038/nature02488
Heerlein, K., Schulze, A., Hotz, L., Bärtsch, P., and Mairbäurl, H. (2005). Hypoxia
decreases cellular ATP demand and inhibits mitochondrial respiration of A549
cells. Cell Mol. Biol. 32, 44–51. doi: 10.1165/rcmb.2004-0202oc
Hems, D. A., and Brosnan, J. T. (1970). Effects of ischaemia on content of
metabolites in rat liver and kidney in vivo. Biochem. J. 120, 105-111. doi:
10.1042/bj1200105
Henze, K., and Martin, W. (2003). Evolutionary biology: essence of mitochondria.
Nature 426, 127–128. doi: 10.1038/426127a
Hewitson, K., Lienard, B., McDonough, M., Clifton, I., Butler, D., Soares, A.,
et al. (2007). Structural and mechanistic studies on the inhibition of the
hypoxia-inducible transcription factor hydroxylases by tricarbonic acid cycle
intermediates. J. Biol. Chem. 282, 3293–3230. doi: 10.1074/jbc.M608337200
Hochachka, P. W., and Dressendorfer, R. H. (1976). Succinate accumulation in
man during exercise. Eur. J. Appl. Physiol. Occup. Physiol. 35, 235–242. doi:
10.1007/BF00423282
Hochachka, P. W., and Somero, G. N. (2001). Biochemical Adaptation—
Mechanism and Process in Physiological Evolution. New York, NY: Oxford
University Press.
Hohl, C., Oestreich, R., Rösen, P., Wiesner, R., and Grieshaber, M. (1987). Evidence
for succinate production by reduction of fumarate during hypoxia in isolat
adult rat heart cells. Arch. Biochem. Biophys. 259, 527–535. doi: 10.1016/0003-
9861(87)90519-4
Kaasik, A., Veksler, V., Boehm, E., Novotova, M., Minajeva, A., and Ventura-
Clapier, R. (2001). Energetic crosstalk between organelles: architectural
integration of energy production and utilization. Circ. Res. 89, 153–159. doi:
10.1161/hh1401.093440
Kann, O., and Kovács, R. (2007). Mitochondria and neuronal activity. Am. J.
Physiol. Cell Physiol. 292, 641–657. doi: 10.1152/ajpcell.00222.2006
Kaslow, H. R., and Burns, D. L. (1992). Pertussis toxin and target eukaryotic cells:
binding, entry, and activation. FASEB J. 6, 2684–2690.
Kennedy, E., and Lehninger, A. (1949). Oxidation of fatty acids and tricarboxylic
acid cycle intermediates by isolated rat liver mitochondria. J. Biol. Chem. 179,
957–969.
Kermorvant-Duchemin, E., Sapieha, P., Sirinyan, M., Beauchamp, M., Checchin,
D., Hardy, P., et al. (2010). Understanding ischemic retinopathies: emerging
concepts from oxygen-induced retinopathy. Doc. Ophthalmol. 120, 51–60. doi:
10.1007/s10633-009-9201-x
Kim, J.-W., Tchernyshyov, I., Semenza, G., and Dang, C. V. (2006). HIF-1-
mediated expression of pyruvate dehydrogenase kinase: a metabolic switch
required for cellular adaptation to hypoxia. Cell Metab. 3, 150–151. doi:
10.1016/j.cmet.2006.02.002
Kirova, Y., Germanova, E., and Lukyanova, L. (2013). Phenotypic features of the
dynamics of HIF-1α levels in rat neocortex in different hypoxia regimens. Bull.
Exp. Biol. Med. 154, 718–722. doi: 10.1007/s10517-013-2038-z
Kirova, Y. I., Germanova, E. L., and Lukyanova, L.D. (2014). “The role of oxidative
stress in the induction of transcription factors at different stages of adaptation
to hypoxia,” in Adaptation Biology and Medicine (Vol. 7 New Challenges), eds
L. M. Popescu, A. R. Hargens, and P. K. Singa (New Delhi: Narosa Publishing
House Pvt. Ltd.), 310–317.
Koivunen, P., Hirsilä, M., Remes, A. M., Hassinen, I. E., Kivirikko, K. I.,
and Myllyharju, J. (2007). Inhibition of hypoxia-inducible factor (HIF)
hydroxylases by citric acid cycle intermediates: possible links between cell
metabolism and stabilization of HIF. J. Biol. Chem. 282, 4524–4532. doi:
10.1074/jbc.M610415200
Komaromy-Hiller, G., Sundquist, P. D., Jacobsen, L. J., and Nuttall, K. L. (1997).
Serum succinate by capillary zone electrophoresis: marker candidate for
hypoxia. Ann. Clin. Lab. Sci. 27, 163–168.
Kondrashova, M. N. (1993). “The formation and utilization of succinate in
mitochondria as a control mechanism of energization and energy state of
tissue,” in The Biological and Biochemical Oscillators, ed B. Chance (New York,
NY: Academic Press), 373–397.
Kroemer, G., Dallaporta, B., and Resche-Rigon, M. (1998). The mitochondrial
death/life regulator in apoptosis and necrosis. Annu. Rev. Physiol. 60, 619–642.
doi: 10.1146/annurev.physiol.60.1.619
Kunz, W., Kudin, A., Vielhaber, S., Blümke, I., Zuschratter, W., Schramm, J., et al.
(2000). Mitochondrial complex I deficiency in epileptic focus of patients with
temporal lode epilepsy. Ann. Neurol. 48, 766–773.
Kushnir, M. M., Komaromy-Hiller, G., Shushan, B., Urry, F. M., and Roberts, W.
L. (2001). Analysis of dicarboxylic acids by tandem mass spectrometry. High-
throughput quantitative measurement of methylmalonic acid in serum, plasma,
and urine. Clin.Chem. 47, 1993–2002.
Kuznetsov, A. V., and Margreiter, R. (2009). Heterogeneity of mitochondria
and mitochondrial function within cells as another level of mitochondrial
complexity. Int. J. Mol. Sci. 10, 1911–1929. doi: 10.3390/ijms10041911
Kuznetsov, A., Schneeberger, S., Seiler, R., Brandacher, G., Mark, W., Steurer, W.,
et al. (2004). Mitochondria: defects and heterogeneous cytochrome c release
after cardiac cold ischemia and reperfusion. Am. J. Heart Circ. Physiol. 286,
H1633–H1641. doi: 10.1152/ajpheart.00701.2003
Kuznetsov, S. A., Rivera, D. T., Severin, F. F, Weiss, D. G., and Langford, G. M.
(1994). Movement of axoplasmic organelles on actin filaments from skeletal
muscle. Cell Motil. Cytoskeleton. 28, 231–242. doi: 10.1002/cm.970280306
Larsen, G. A., Skjellegrind, H. K., Berg-Johnsen, J., Moe, M. C., and Vinje, M.
L. (2006). Depolarization of mitochondria in isolated CA1 neurons during
hypoxia, glucose deprivation and glutamate excitotoxicity. Brain Res. 1077,
153–160. doi: 10.1016/j.brainres.2005.10.095
Lenaz, G., and Genova, M. L. (2007). Kinetics of integrated electron transfer
in the mitochondrial respiratory chain: random collisions vs. solid state
electron channeling. Am. J Physiol. Cell Physiol. 292, C1221–C1239. doi:
10.1152/ajpcell.00263.2006
Liu, Y., Sato, T., O’Rourke, B., and Marban, E. (1998). Mitochondrial ATP-
dependent potassium channels: novel effectors of cardioprotection? Circulation
97, 2463–2469.
Livanova, L. M., Sarkisova, K. Y. u., Luk’yanova, L. D., and Kolomeitseva, I.
A. (1992). Respiration and oxidative phosphorylation of the mitochondria of
the brain of rats with various types of behavior. Neurosci. Behav. Physiol. 22,
519–525. doi: 10.1007/BF01185442
Lukyanova, L. (1988). Limiting steps of energy metabolism in brain in hypoxia.
Neurochem. Intern. 13, 146–147.
Frontiers in Neuroscience | www.frontiersin.org 13 October 2015 | Volume 9 | Article 320
Lukyanova and Kirova Mitochondria signaling mechanisms in hypoxia
Lukyanova, L. (1997). Bioenergy hypoxia: concept, mechanisms, correction. Bull.
Exp. Biol. Med. 124, 244–254.
Luk’yanova, L., Chernobaeva, G., and Romanova, V. (1995). Effects of adaptation
to intermittent hypoxia on oxidative phosphorylation in brain mitochondria of
rats with different sensitivities toward oxygen deficiency. Bull. Exp. Biol. Med.
120, 1189–1192. doi: 10.1007/BF02445567
Lukyanova, L. D. (2005). “Novel approach to the understanding of molecular
mechanisms of adaptation to hypoxia,” inThe Adaptation Biology andMedicine,
Vol. 4, eds A. Hargens, N. Takeda, and P. K. Singal (New Delhi: Narosa
publishing house), 11–22.
Lukyanova, L. D. (2014). Mitochondria signaling in adaptation to hypoxia. Int. J.
Physiol. Pathophysiol. 5, 363–381. doi: 10.1615/intjphyspathophys.v5.i4.90
Lukyanova, L. D., and Dudchenko, A. M. (1999). “Regulatory role of the adenylate
pool in the formation of hepatocyte resistance to hypoxia,” in The Adaptation
Biology andMedicine, eds K. B. Pandolf, N. Takeda, and P. K. Singal (NewDelhi:
Narosa Publishing House), 139–150.
Lukyanova, L. D., Dudchenko, A. M., Germanova, E. L., Tsybina, T. A.,
Kopaladse, R. A., Ehrenbourg, I. V., et al. (2009a). “Mitochondria signaling in
formation of body resistance to hypoxia,” in The Intermitten Hypoxia. From
Molecular Mechanisms to Clinical Applications, eds L. Xi and T. Serebrovskaya
(Hauppauge, NY: Nova Science Publishers), 423–450.
Lukyanova, L. D., Dudchenko, A. M., Tsybina, T. A., Germanova, E. L., Tkachuk,
E. N., and Erenburg, I. V. (2008b). Effect of intermittent hypoxia on kinetic
properties of mitochondrial enzymes. Bull. Exp. Biol. Med. 144, 795–801. doi:
10.1007/s10517-007-0434-y
Lukyanova, L. D., Dudchenko, A. V., Tsybina, T. A., Germanova, E. L., and
Tkatchuk, E. N. (2008a). “Mitochondrial signaling in adaptation to hypoxia,”
in The Adaptation Biology and Medicine, eds L. Lukyanova, P. Singal, and N.
Takeda (New Dehli: Narosa Publ. House), 5–15.
Lukyanova, L. D., Germanova, E. L., and Kirova, Y. I. (2011). “The signal function
of succinate and free radicals in mechanisms of preconditioning and long-
term adaptation to hypoxia,” in The Adaptation Biology and Medicine. Cell
Adaptations and Challenges, eds P. Wang, C.H. Kuo, N. Takeda, and P.K. Singal
(New York, NY), 251–277.
Lukyanova, L. D., Germanova, E. L., and Kopaladze, R. A. (2009c). Development of
resistance of an organism under various conditions of hypoxic preconditioning:
role of the hypoxic period and reoxygenation. Bull. Exp. Biol. Med. 147,
400–404. doi: 10.1007/s10517-009-0529-8
Lukyanova, L. D., Sukoyan, G. V., and Kirova, Y. I. (2013). Role of
proinflammatory factors, nitric oxide, and some parameters of lipidmetabolism
in the development of immediate adaptation to hypoxia and HIF-1α
accumulation. Bull. Exp. Biol. Med. 154, 597–601. doi: 10.1007/s10517-013-
2008-5
Lukyanova, L. D., Germanova, E. L., Tsybina, T. A., and Chernobaeva, G.
N. (2009b). Energotropic effect of succinate-containing derivatives of 3-
hydroxypyridine. Bull. Exp. Biol. Med. 148, 587–591. doi: 10.1007/s10517-010-
0771-0
Luk’yanova, L., Romanova, V., and Chernobaeva, G. (1991). Oxidative
phosphorylation in brain mitochondria of rats differing in their sensitivity
to hypoxia. Bull. Exp. Biol. Med. 112, 962–965. doi: 10.1007/BF008
41143
Luk’yanova, L., Romanova, V., Chernobaeva, G., Lukinykh, N., and Smirnov,
L. (1990). Features of the antihypoxic action of mexidol associated with
its specific effect on energy metabolism. Pharm. Chem. J. 24, 532–535. doi:
10.1007/BF00766466
Lutz, P. L., and Prentis, H. M. (2002). Sensing and responding to hypoxia,
molecular and physiological mechanisms. Integr. Comp. Biol. 42, 463–468. doi:
10.1093/icb/42.3.463
MacDonald, M. J., Fahien, L. A., Brown, L. J., Hasan, N. M., Buss, J. D., and
Kendrick, M. A. (2005). Perspective: emerging evidence for signaling roles
of mitochondrial anaplerotic products in insulin secretion. Am. J. Physiol.
Endocrinol. Metab. 288, E1–E15. doi: 10.1152/ajpendo.00218.2004
Maevsky, E. I., Rosenfeld, A. S., Grishina, E. V., and Kondrashova, M. N. (2001).
Correction of Metabolic Acidosis by Support of Mitochondria Functions (in
Russian). Pushchino: ONTI, 150.
Maklashinas, E., Sher, Y., Zhou, H.-Z., and Gray, M. (2002). Effect of
anoxia/reperfusion on the reversible active/de-active transition of complex I in
rat hear. BBA 1556, 6–12. doi: 10.1016/S0005-2728(02)00280-3
Margulis, L. (1981). Symbiosis in Cell Evolution. San Francisco, CA: Freeman.
Martin, W., Hoffmeister, M., Rotte, C., and Henze, K. (2001). An overview of
endosymbiotic models for the origins of eukaryotes, their ATP-producing
organelles (mitochondria and hydrogenosomes), and their heterotrophic
lifestyle. Biol. Chem. 382, 1521–1539. doi: 10.1515/BC.2001.187
McCarter, R. J. M. (1995). “Energy utilization,” in Aging: Handbook of Physiology,
Section 11, ed E. J. Masoro (New York, NY: Oxford University Press), 95–118.
McKenzie, M., Lazarou, M., Thorburn, D., and Ryan, M. (2006). Mitochondrial
respiratory chain supercomplexes are destabilized in Barth syndrome patients.
J. Mol. Biol. 361, 462–469. doi: 10.1016/j.jmb.2006.06.057
Meister, A. (1995). Mitochondrial changes associated with glutathione deficiency.
Biochim. Biophys. Acta. 1271, 35–42. doi: 10.1016/0925-4439(95)00007-Q
Michiels, C. (2004). Physiological and pathological responses to hypoxia. Am. J.
Pathol. 164, 1875–1882. doi: 10.1016/S0002-9440(10)63747-9
Moreno-Lastres, D., Fontanesi, F., García-Consuegra, I., Martín, M. A., Arenas,
J., Barrientos, A., et al. (2012). Mitochondrial complex I plays an essential
role in human respirasome assembly. Cell Metab. 15, 324–335. doi:
10.1016/j.cmet.2012.01.015
Murphy, E. (2004). Primary and secondary signaling pathways in early
preconditioning that converge on the mitochondria to produce
cardioprotection. Circ. Res. 94, 7–16. doi: 10.1161/01.RES.0000108082.76
667.F4
Napolitano, M., Centoze, D., Gubellini, P., Rossi, S., Spiezia, S., Bernardi, G., et al.
(2004). Inhibition of mitochondrial complex II alters strial expression of genes
involved in glutamatergi signaling: possible implications for Huginton’s disease.
Neurobiol. Dis. 15, 407–414. doi: 10.1016/j.nbd.2003.11.021
Neubauer, J. A., and Sunderram, J. (2004). Oxygen-sensing neurons
in the central nervous system. J. Appl. Physiol. 96, 367–374. doi:
10.1152/japplphysiol.00831.2003
Nicholls, D. G., and Budd, S. L. (2000). Mitochondria and neuronal survival.
Physiol. Rev. 80, 315–360.
Nishimura, G., Proske, R. J., Doyama, H., and Higuchi, M. (2001). Regulation
of apoptosis by respiratory substrates. FEBS Lett. 505, 399–404. doi:
10.1016/S0014-5793(01)02859-9
Nowak, G., Clifton, G. L., and Bakajsova, D. (2008). Succinate ameliorates energy
deficits and prevents dysfunction of complex I in injured renal proximal tubular
cells. J. Pharmacol. Exp. Ther. 324, 1155–1162. doi: 10.1124/jpet.107.130872
Paddenberg, R., Ishaq, B., Goldenberg, A., Faulhammer, P., Rose, F., Weissmann,
N., et al. (2003). Essential role of complex II of the respiraitory chain in hypoxia-
induced ROS generation in pulmonary vasculature. Am. J. Physiol. Lung Cell
Mol. Physiol. 284, L710–L719. doi: 10.1152/ajplung.00149.2002
Peers, C., and Kemp, P. (2001). Acute oxygen sensing: diverse but convergent
mechanisms in airway and arterial chemoreceptors. Respir. Res. 2, 145–149. doi:
10.1186/rr51
Pek, M., and Lutz, P. (1998). K+ATP channel activation provides transient
protection in anoxic turtle brain. Am. J. Physiol. 44, R2023–R2027.
Pitkanen, S., and Robinson, B. H. (1996). Mitochondrial complex I deficiency leads
to increased production of superoxide radicals and induction of superoxide
dismutase. J. Clin. Invest. 98, 345–351. doi: 10.1172/JCI118798
Prabhakar, N., andOverholt, J. L. (2000). Cellular mechanisms of oxygen sensing at
the carotid body: heme proteins and ion channels. Respir. Physiol. 122, 209–221.
doi: 10.1016/S0034-5687(00)00160-2
Regard, J. B., Sato, I. T., and Coughlin, S. R. (2008). Anatomical profiling
of G protein-coupled receptor expression. Cell 135, 561–571. doi:
10.1016/j.cell.2008.08.040
Rizzuto, R., Pinton, P., Carrington, W., Fay, F., Fogarty, K., Lifshitz,
L., et al. (1998). Close contacts with the endoplasmic reticulum as
determinants of mitochondrial Ca 2+ responses. Science 280, 1763–1766. doi:
10.1126/science.280.5370.1763
Robinson, B. (1998). Human comlex I deficiency: clinical spectrum and
involvement of oxygen free radicals in the pathogenicity of the defect. Biochim.
Biophys. Acta. 1364, 271–286. doi: 10.1016/S0005-2728(98)00033-4
Rouslin, W., and Millard, R. (1980). Canine myocardial ischemia: defect in
mitochondrial electron transfer complex I. J. Mol. Cell. Cardiol. 12, 639–645.
doi: 10.1016/0022-2828(80)90021-8
Rubic, T., Lametschwandtner, G., Jost, S., Hinteregger, S., and Kund, J. (2008).
Triggering the succinate receptor GPR91 on dendritic cells enhances immunity.
Nat. Immunol. 9, 1261–1269. doi: 10.1038/ni.1657
Frontiers in Neuroscience | www.frontiersin.org 14 October 2015 | Volume 9 | Article 320
Lukyanova and Kirova Mitochondria signaling mechanisms in hypoxia
Rumsey, W. L., Abbott, B., Bertelsen, D., Mallamaci, M., Hagan, K., Nelson, D.,
et al. (1999). Adaptation to hypoxia alters energy metabolism in rat heart. Am.
J. Physiol. Heart Circ. Physiol. 276, H71–H80.
Sadagopan, N., Li, W., Roberds, S., Major, T., Preston, G. M., Yu, Y.,
et al. (2007). Circulating succinate is elevated in rodent models of
hypertension and metabolic disease. Am. J. Hypertens. 20, 1209–1215. doi:
10.1016/j.amjhyper.2007.05.010
Sadek, H. A., Sweda, P. A., and Sweda, L. I. (2004). Modulation of mitochondrial
complex I activity by reversible Ca2+ and NADH mediated superoxide
anion dependent inhibition. Biochemistry 43, 8494–8502. doi: 10.1021/bi04
9803f
Sanborn, T., Gavin,W., Berkowitz, S., Perille, T., and Lesch, M. (1979). Augmented
conversion of aspartate and glutamate to succinate during anoxia in rabbit
heart. Am. J. Physiol. 237, H535–H541.
Sapieha, P., Sirinyan, M., Hamel, D., Zaniolo, K., Joya, J.-S., Cho, J.-H.,
et al. (2008). The succinate receptor GPR91 in neurons has a major
role in retinal angiogenesis. Nat. Med. 14, 1067–1076. doi: 10.1038/nm.
1873
Schäfer, E., Seelert, H., Reifschneider, N. H., Krause, F., Dencher, N., and
Vonck, J. (2006). Architecture of active mammalian respiratory chain
supercomplexes. J. Biol. Chem. 281, 15370–15375. doi: 10.1074/jbc.M5135
25200
Schagger, H., de Coo, R., Bauer, M., Hofmann, S., Godinot, C., and
Brandt, U. (2004). Significance of respirasomes for the assembly/stability of
human respiratory chain complex I. J. Biol. Chem. 279, 36349–36353. doi:
10.1074/jbc.M404033200
Selak, M. A., Armour, S. M., andMcKenzie, E. D. (2005). Succinate links TCA cycle
dysfunction to oncogenesis by inhibiting HIF-prolyl hydroxylase. Cancer Cell.
7, 77–85. doi: 10.1016/j.ccr.2004.11.022
Semenza, G. (2002). Signal transduction to hypoxia-inducible factor 1. Biochem.
Pharmacol. 64, 993–998. doi: 10.1016/S0006-2952(02)01168-1
Semenza, G. (2007). Oxygen-dependent regulation of mitochondrial respiration by
hypoxia-inducible factor 1. Biochem. J. 405, 1–9. doi: 10.1042/BJ20070389
Semenza, G. (2009). Involvement of oxygen-sensing pathways in physiologic and
pathologic erythropoiesis. Blood 114, 2015–2019. doi: 10.1182/blood-2009-05-
189985
Seppet, E., Gruno, M., Peetsalu, A., Gizatullina, Z., Nguyen, H. P., Vielhaber, S.,
et al. (2009). Mitochondria and energetic depression in cell pathophysiology.
Int. J. Mol. Sci. 10, 2252–2303. doi: 10.3390/ijms10052252
Siesjo, B. K. (1978). Brain Energy Metabolism. New York, NY: Wiley.
Silver, I., and Erecinska, M. (1998). Oxygen and ion concentrations in normoxic
and hypoxic brain cells. Adv. Exp. Med. Biol. 454, 7–16. doi: 10.1007/978-1-
4615-4863-8_2
Starkov, A. A. (2008). The role of mitochondria in reactive oxygen species
metabolism and signaling. Ann. N. Y. Acad. Sci. 1147, 37–52. doi:
10.1196/annals.1427.015
Stroka, D., Burkhardt, T., Desballerts, I., Wenger, R. H., Neil, D. A., Bauer, C., et al.,
(2001). HIF-1 is expressed in normoxic tissue and displays an organ-specific
regulation under systemic hypoxia. FASEB J. 15, 2445–2453. doi: 10.1096/fj.01-
0125com
Taegmeyer, H. (1978). Metabolic responses to cardiac hypoxia increased
production of succinate by rabbit papillary muscles. Circ. Res. 43, 808–815. doi:
10.1161/01.RES.43.5.808
Toma, I., Kang, J. J., Sipos, A., Vargas, S., Bansal, E., Hanner, F., et al. (2008).
Succinate receptor GPR91 provides a direct link between high glucose levels
and renin release in murine and rabbit kidney. J. Clin. Invest. 118, 2526–2534.
doi: 10.1172/jci33293
Van der Bliek, A. M., Shen, Q., and Kawajiri, S. (2013). Mechanisms of
mitochondrial fission and fusion. Cold Spring Harb. Perspect. Biol. 5:a011072.
doi: 10.1101/cshperspect.a011072
Vargas, S. L., Toma, I., Kang, J. J., Meer, E. J., and Peti-Peterdi, J. (2009). Activation
of the succinate receptor GPR91 in macula densa cells causes renin release.
J. Am. Soc. Nephrol. 20, 1002–1011. doi: 10.1681/ASN.2008070740
Vaux, E., Metzen, E., Yeates, K., and Ratcliffe, P. (2001). Regulation of hypoxia-
inducible factor is reserved in the absence of a functioning respiratory chain.
Blood 98, 296–302. doi: 10.1182/blood.V98.2.296
Voos, W., and Rotgers, K. (2002). Molecular chaperones as essential
mediators of mitochondrial biogenesis. BBA 1592, 51–62. doi:
10.1016/s0167-4889(02)00264-1
Wang, G., and Semenza, G. (1993). Characterization of hypoxia-inducible factor
I and regulation of DNA binding activity by hypoxia. J. Biol. Chem. 268,
21513–21518.
Weinberg, J., Venkatachalm, M., and Nancy, F. (2000). Mitochondrial
disfunction during hypoxia/reoxigenation and its correction by anaerobic
metabolism of citric acid cycle intermediates. PNAS 97, 2826–2831. doi:
10.1073/pnas.97.6.2826
Wenger, R. (2000). Mammalian oxygen sensing, signaling and gene regulation.
J. Exp. Biol. 203, 1253–1263.
Wheaton, W., and Chandel, N. (2011). Hypoxia. 2. Hypoxia regulates
cellular metabolism. Am. J. Physiol. Cell Physiol. 300, C385–C393. doi:
10.1152/ajpcell.00485.2010
Wiedemann, N., Frazier, A. E., and Pfanner, N. (2004). The protein import
machinery of mitochondria. J. Biol. Chem. 279, 14473–14476. doi:
10.1074/jbc.R400003200
Winge, D. R. (2012). Sealing the mitochondrial respirasome. Mol. Cell. Biol. 32,
2647–2652. doi: 10.1128/MCB.00573-12
Zhu, H., and Bunn, F. (1999). Oxygen sensing and signaling: impact on
regulation of physiologically important genes. Respir. Physiol. 2, 239–247. doi:
10.1016/S0034-5687(99)00024-9
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Lukyanova and Kirova. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 15 October 2015 | Volume 9 | Article 320
